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The  inﬂuences  of  live  and  formulated  feeds  on  growth  performances,  muscle  ﬁbers  morphometry  and
muscle  growth-related  gene  expression  of  Malaysian  mahseer,  Tor  tambroides  larvae  were  evaluated  in
indoor  nursery  rearing  system.  Quadruplicate  groups  of T.  tambroides  larvae  (0.07  ± 0.01  g, mean  ±  SE)
were  stocked  in sixteen  aquaria  (60  ×  30 × 30 cm),  randomly  arranged  in four  dietary  treatments  viz.
larvae  fed  artemia  (LA),  moina  (LM),  daphnia  (LD)  and  formulated  feed  (FF)  with  stocking  density  of 34
larvae  per aquarium.  The  larvae  were  fed  to  visually  near  satiation  in  two  equal  feedings  per  day,  seven
days  per  week  for 75  days.  The  growth-related  parameters  (mean  weight  gain  and  speciﬁc  growth  rate)
were signiﬁcantly  highest  in treatment  FF, followed  by treatment  LA and the  lowest  in treatment  LD  or
LM.  Histological  observation  and muscle  morphometric  analysis  revealed  that  mosaic  hyperplasia  was
observed  after 50 days  of  the  feeding  trial.  Hypertrophic  (diameter  class 50 = 40  >  d ≤ 50  m  and  class
60  = d  >  50  m), but  not  hyperplastic  (diameter  class  ≤10  m),  muscle  ﬁbers  frequencies  were  signiﬁ-
cantly  highest  in larvae  fed  FF  compared  to  those  fed  live  feeds.  The  entire  open  reading  frame  cDNA
sequences  of  two important  growth-related  genes,  myogenin  and  MyoD,  were  successfully  ampliﬁed  and
cloned  from  T. tambroides  larvae.  The  nucleotide  sequences  alignment  using  CLUSTAL  W in BioEdit  pro-
gram of both  MyoD  and  myogenin  genes  showed  the  sign  of  existence  of  isoforms  and  highly  conserved
with  other  cyprinid  ﬁshes.  Real-time  PCR data  demonstrated  that  myogenin  and  MyoD  gene  expressions
were  signiﬁcantly  upregulated  in  larvae  fed  FF. The  results  of  the  present  experiment  concluded  that
the  nursery  rearing  of  T. tambroides  larvae  with  formulated  feed  showed  augmented  muscle  growth  and
upregulated  growth-related  gene  expression  than  feeding  live  feeds.
©  2016  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license. Introduction
Malaysian Mahseer, Tor tambroides,  locally known as “kelah”, is
 new potential aquaculture species because of the most expensive
reshwater food ﬁsh in Malaysia and having a great demand as a
ame and ornamental ﬁsh (Ng, 2004). As the natural abundance
nd distribution of this species declined, there is great interest in
ts biology and artiﬁcial propagation, both for aquaculture produc-
∗ Corresponding Author: Department of Marine Bioresources Science, Faculty
f Fisheries, Chittagong Veterinary and Animal Sciences University, Chittagong,
angladesh.
E-mail address: a zamanbau@yahoo.com (Md. Asaduzzaman).
ttp://dx.doi.org/10.1016/j.aqrep.2016.11.002
352-5134/© 2016 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
tion and for conservation purposes. The development of induced
spawning of captive broodstock of T. tambroides species is already
successful (Ingram et al., 2005) and efforts are underway to com-
mercialize production of this species. While the induced spawning
is already successful, research on nursery rearing and nutrition of
T. tambroides is very limited.
The success of larval rearing of a particular species mainly
depend on the availability of suitable diets that are readily con-
sumed, efﬁciently digested, and provides essential nutrients for
their growth and health (Giri et al., 2002). The dietary require-
ments of larvae are distinctly different from those of juvenile and
adult ﬁsh. In general, early stage ﬁsh require higher protein, lipids
and highly unsaturated fatty acids for growth, survival and neural
development. Live artemia, moina and daphnia are the most impor-
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
2 quacu
t
f
b
S
p
m
s
f
o
s
t
a
c
t
i
f
a
m
(
p
a
(
o
t
h
a
a
p
ﬁ
e
(
a
s
2
p
m
m
o
p
e
g
g
v
s
c
g
e
o
r
c
2
f
e
f
i
r
h
a
s
u
h
o
00 Md. Asaduzzaman et al. / A
ant live feed organisms for freshwater larval rearing due to having
avorable protein sources for larval development, and containing a
road spectrum of digestive enzymes and fatty acids (Lavens and
orgeloos, 1996; Macedo and Pinto-Coelho, 2001). Artemia nau-
lii have been widely used as live feeds in both freshwater and
arine water aquaculture (Conceicao et al., 2010). Cladocerans
uch as moina and daphnia have been also widely used as larval
eed in ponds (Qin and Culver, 1996). There are no available data
n protein and lipid requirement of T. tambroides larvae. Previous
tudy reported that dietary protein and lipid requirements of T.
ambroides ﬁngerlings between 20 and 55 g are estimated to be 48%
nd 10%, respectively (Ng et al., 2008). Therefore, a formulated feed
onsisting of 50% protein and 15% lipid was considered for using in
his experiment.
Myogenesis, formation of new muscle ﬁbers, in ﬁshes occurs
n two distinct phases; primary myogenesis (the myotubes are
ormed in the embryo) and secondary myogenesis (during larval to
dult stages) (Rowlerson and Vegetti, 2001). In ﬁsh, the secondary
yogenesis generally involves the generation of new muscle ﬁbers
hyperplasia) and expansion of existing muscle ﬁbers (hypertro-
hy). Two distinct phases of hyperplasia have been observed in
 variety of aquaculture ﬁsh species, namely stratiﬁed hyperplasia
the formation of new muscle ﬁbers restricted to the germinal zones
nly) and mosaic hyperplasia (the formation of new muscle ﬁbers
hroughout the myotome) (Asaduzzaman et al., 2013). Mosaic
yperplasia recruits newly formed muscle ﬁbers in most of the
quaculture species which show indeterminate growth and reach
 large body size (Johnston, 1999; Asaduzzaman et al., 2013). The
roliferation of muscle cells and hypertrophy of the already formed
bers in ﬁsh are controlled by several genetic factors (Johnston
t al., 2009). The MRFs, including MyoD,  Myf5, myogenin,  and MRF4
Watabe, 2001; Pownall et al., 2002), are the muscle development
nd growth-related transcription factors that have a highly con-
erved basic helix–loop–helix (bHLH) region (Funkenstein et al.,
007). During ﬁsh muscle growth, MyoD regulate the activation and
roliferation of satellite cells towards a myogenic lineage, whereas
yogenin act on cell differentiation and fusion of myoblasts to form
yoﬁbers (Watabe, 2001). During muscle growth, the expression
f MyoD and myogenin are related to hyperplasia and hypertrophy
rocesses (Johansen and Overturf, 2005).
It is well known that different live and formulated feeds for
arly stages of ﬁsh rearing can produce very different somatic
rowth rates, but very limited studies have focused on how muscle
rowth mechanisms in ﬁsh larvae are affected by nutrition. Pre-
ious studies showed that the diets which contributed the best
omatic growth rates, also contributed the highest rates of mus-
le ﬁbers hypertrophy and new ﬁbers recruitment by hyperplastic
rowth (Akster et al., 1995; Alami-Durante et al., 1997; Galloway
t al., 1999; Ostaszewska et al., 2008; Leitão et al., 2009). The use
f sub-optimal diets during early stages of ﬁsh rearing resulted in
educed rates of somatic and hyperplastic muscle growth, possibly
ausing muscular atrophy and retarding maturation (Leitão et al.,
009).
Although feeding of most species of interest still relies on live
eeds during the early life stages, our research objective was  to
valuate the performances of T. tambroides larvae fed artiﬁcial
ormulated feed compared to those fed live feeds in nursery rear-
ng system. To the best of our knowledge, there are no published
eports about nursery rearing of T. tambroides larvae, particularly
ow the muscle growth mechanism at cellular and molecular levels
re affected by different live and formulated feeds at early rearing
tages. Therefore, the present experiment was conducted to eval-
ate the effect of live and formulated feeds on hyperplastic and
ypertrophic muscle growth and growth-related gene expression
f T. tambroides larvae in indoor nursery rearing system.lture Reports 5 (2017) 1–9
2. Materials and methods
2.1. Experimental ﬁsh, system preparation and research design
T. tambroides larvae were collected by tribal ﬁshermen along the
Pahang River in Malaysia. The larvae (0.06 ± 0.02 g) were post-yolk
sac stage and dependent on exogenous feeding. Upon arrival in the
Mahseer Hatchery, School of Fisheries and Aquaculture Sciences,
Universiti Malaysia Terengganu, Malaysia (UMT), about 2000 lar-
vae were kept in rectangular ﬁberglass tanks (240 × 45 × 30 cm)
and acclimated to laboratory conditions for 1 week. During this
period, T. tambroides larvae were fed frozen moina (Tianjin Intra
Technologies Co. Ltd., China).
Three different live feeds such as Artemia (LA), live Moina (LM),
live Daphnia (LD), and an artiﬁcial formulated feed (FF) were used to
study their effect on the cellular muscle growth and growth-related
gene expression of T. tambroides.  The proximate composition of
the artiﬁcial and live feeds are already reported in ﬁrst part of this
study (Asaduzzaman et al., 2016). The feeding trial was  conducted
in the indoor aquarium system for 75 days. Quadruplicate groups
of 34 T. tambroides larvae (0.07 ± 0.01 g) were stocked in sixteen
aquaria (60 × 30 × 30 cm)  and assigned randomly to four dietary
treatments. Sand-ﬁltered de-chlorinated freshwater was  supplied
in each aquarium and tank, which were also equipped with individ-
ual air-stone for continuous aeration. To maintain the water quality,
uneaten feed and feces were removed every morning by siphoning.
About 10% of the water was replaced everyday and 100% of water
was replaced biweekly.
2.2. Feed preparation and feeding of T. tambroides larvae
An artiﬁcial feed was formulated to contain 50% crude protein
by using Danish ﬁsh meal (65%), squid meal (2%), shrimp meal (2%),
wheat ﬂour (15%), cod liver oil (5%), soybean lecithin (3%), vitamin
premix (3%), mineral premix (3%) and carboxyl methyl cellulose
(2%). All of the dry ingredients were weighed, sieved (mesh size
150 m)  and thoroughly mixed. Subsequently, soybean lecithin,
cod liver oil and water were added and mixed again. The ﬁnal thick
dough-like product was  left in oven for drying at 40 ◦C. The dried
thick dough-like product was  rubbed on the surface of a metallic
sieve net (mesh size 212 m)  to make larval feed and kept at −20 ◦C
until use. LA nauplii were hatched by incubating 2 g of cysts (red
jungle brand, Ocean International Inc., USA) per liter of 32 ppt sea
water with sufﬁcient aeration. The hatched nauplii were siphoned
out into a 100 m mesh size plankton net, then washed thoroughly
with dechlorinated water and suspended. The LD and LM were
collected everyday from a green-water based mass culture units
continuously in operation at our hatchery. The larvae were hand-
fed with the live and formulated feed to visually satiation level in
two equal feedings daily at 09:00 and 17:00 h.
2.3. Estimation of growth parameters
Growth performances of T. tambroides post larvae were moni-
tored in terms of mean ﬁnal weight (g), weight gain (%) and speciﬁc
growth rate (% day−1). At the end of the experiment, individual
weight of all ﬁsh from each aquarium and tank were measured. The
formulas for the calculation of these parameters are as follows:
Weight gain(%) = {(ﬁnal weight − initial weight)/initial weight} × 1Speciﬁc growth rate(%day−1) = {ln(ﬁnal weight) −
ln(initial weight)/75 days} × 100
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Fig. 1. Transverse sections of white muscle of Malaysian mahseer (Tor tambroides) early juveniles fed formulated and live feeds at day-50 and day-75 of the feeding trial.
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C–L:  Transverse section of white muscle of T. tambroides early juveniles fed the arte
nd  K are the un-stained images at day-75 and others are stained with haematoxyli
y  mosaic hyperplasia. Scale bars: 40 m.
.4. Histochemistry
At day 25, day 50 and day 75 of the experiment, two  average
epresentative size ﬁsh per replicate aquarium (8 ﬁsh per treat-
ent) were collected and euthanized for histological and muscle
bers morphometric analysis. The skeletal muscle samples (trans-
ersely cut near the dorsal ﬁn region) from each ﬁsh were collected
nd ﬁxed in 4% paraformaldehyde (PFA) solution for overnight.
hen, the ﬁxed samples were processed with a series of graded
evels (5%, 10%, 15% and 30%) of sucrose. The samples from 30%
ucrose were trimmed into small pieces and mounted by Sakura
issue-Tek
®
O.C.T.TM compound in cryomolds for embedding. Thembedded samples were rapidly frozen in isopentane cooled to
ear its freezing point (−159 ◦C) using liquid nitrogen. Sections
ere cut at 8–10 m thickness in a cryostat (Leica Microsystems,
M1950) and mounted on microscope slides coated with poly-l-auplii (A–C), moina (D-F), daphnia (G–I) and artiﬁcial formulated feed (J–L). B, E, H
 eosin solution. Arrowheads indicate the small diameter new muscle ﬁbers formed
Lysine. Slides prepared from frozen section were air-dried for about
30 min  and stained with hematoxylin-eosin to analyze muscle ﬁber
diameters and morphology (Dubowitz and Brooke, 1973). For mus-
cle ﬁbers morphometric analysis, at least 400 white muscle ﬁbers
from each ﬁsh per group were measured using an image-analysis
application software (Sigma Scan Pro5, SPSS INC). Based on the
methodology used by Nebo et al. (2013), the ﬁbers were distributed
into classes according to their diameter (d, m):  class 10 = d ≤ 10;
class 20 = 10 > d ≤ 20; class 30 = 20 > d ≤ 30; class 40 = 30 > d ≤ 40;
class 50 = 40 > d ≤ 50 and class 60 = d > 50.
2.5. cDNA cloning of MyoD and myogenin genesWhite muscle samples were collected in RNAlaterTM solution
(Ambion Inc, Foster, CA, USA.) from the early juvenile T. tam-
broides, and total RNA was isolated using ISOGEN (Nippon Gene,
4 Md. Asaduzzaman et al. / Aquaculture Reports 5 (2017) 1–9
Table  1
Primers used for molecular cloning and qunatitative mRNA expression of MyoD and myogenin genes in T. tambroides.
Experiment Gene Primer type Sequence (5′----3′) Amplicon size
cDNA cloning MyoD Forward ATGGAGTTGTCGGATATYCCC 828 bp
Reverse GGAwmCCATyTATCAAGTkCTTTAA
myogenin Forward ATGGAGCYTTYYGAGACCAAC 762 bp
Reverse CCTAywCAGTGGACATdAGCAAATAA
Real-time PCR MyoD Forward AGACGGAACAGTTATGACAGC 95 bp
Reverse AGACAATCCAAACTCGACACC
myogenin Forward CTCATGAATCCCAACCAGAGG 134 bp
Reverse 
Beta-actin Forward 
Reverse 
Fig. 2. Average individual weight (A) and frequency distribution of white mus-
cle  ﬁbers (B,C) of Malaysian mahseer (Tor tambroides) fed formulated and live
feeds in diameter classes (d, m):  class 10 = d ≤ 10; class 20 = 10 > d ≤ 20class;
30  = 20 > d ≤ 30; class 40 = 30 > d ≤ 40; class 50 = 40 > d ≤ 50 and class 60 = 50 > d ≤ 60
at  day-50 (B) and day-75 (C) of the feeding trial. The percentage values (arcsine
transformed during analysis by ANOVA) followed by the different superscript letter
in each diameter class indicate signiﬁcant difference among different treatments at
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a.05. If the effects were signiﬁcant, ANOVA was followed by Tukey test. LA, treatment
ith artimia as live food; LD, treatment with daphnia as live food; LM, treament with
oina as live food; FF, treatment with formulated feed.
okyo, Japan) according to the manufacturer’s protocol. cDNA tem-
lates for use in RT-PCR were synthesized using SuperScript III
everse transcriptase (Invitrogen, Carlsbad, CA, USA) in accordance
ith the manufacturer’s recommendation. MyoD and myogenin
ene cloning was performed by designing the degenerated primers
Table 1) from the conserved regions of closely related cyprinid ﬁsh
pecies such as grass carp Ctenopharyngodon idella, common carp
yprinus carpio and zebraﬁsh Danio rerio. PCR ampliﬁcations were
arried out at 94 ◦C for 3 min, followed by 30 cycles of denatura-
ion at 94 ◦C for 30 s, annealing at 53 ◦C for 1 min and extension
t 72 ◦C for 1 min  with a ﬁnal extension step for 5 min, using aGCTCTGTAATGCAAGTTTCCC
GATGGACTCTGGTGATGGTGTGAC 167 bp
TTTCTCTTTCGGCTGTGGTGGTG
GeneAmp PCR system 9700 (Applied Biosystems, Foster, CA, USA).
Ampliﬁed DNA fragments were subcloned into the pGEM-T vector
(Promega, Madison, WI,  USA) and the fragments were sequenced
with an ABI 3100 genetic analyzer (Applied Biosystems) after label-
ing with ABI PRISM BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems). The nucleotide sequences were aligned and
compared with other cyprinid ﬁsh species using CLUSTAL W in
BioEdit program (V.7.0.9) and ﬁnally subjected to BLAST searches
(http://www.ncbi.nlm.nih.gov/BLAST/).
2.6. mRNA expression analysis of MyoD and myogenin genes
Total RNA was  extracted at the end of the experiment from the
homogenized skeletal muscle samples from two average represen-
tative size ﬁsh per replicate aquarium (8 ﬁsh per treatment) using
NucleoSpin
®
RNA isolation kit (MACHEREY-NAGEL GmbH & Co. KG,
Düren, Germany) according to the manufacturer protocol. cDNA
templates for use in real-time PCR were synthesized using iScriptTM
cDNA Synthesis Kit (BIO-RAD, Hercules, CA, USA) in accordance
with the manufacturer’s recommendation. Real-time PCR primers
(Table 1) of MyoD and myogenin genes were designed by using
primer express 2.0 (Applied Biosystems). ˇ-actin gene (AF057040)
(Xing et al., 2013) was  selected as references for the calculation
of relative expression levels of target genes. Real-time quantita-
tive PCR was  performed in a Miniopticon Real-time PCR system
(BIO-RAD) using SsoAdvancedTM Universal SYBR
®
Green Supermix
(BIO-RAD). The ampliﬁcation was performed in a 20 L reaction
volume containing 10 L SsoAdvancedTM Universal SYBR
®
Green
Supermix, 0.5 L (each) of the forward and reverse primer (10 M),
2 L of template cDNA and 7 L of nuclease-free water. qPCR con-
sisted of denaturation at 95 ◦C for 10 min, followed by 40 cycles of
denaturation at 95 ◦C for 15 s and annealing at 60 ◦C for 60 s. The
transcript quantities were represented as the relative expression
levels of target genes to those of reference genes. To exclude the
variation caused by different PCR efﬁciency, the relative expres-
sion levels were calculated by using the comparative Ct difference
method (Schmittgen and Livak, 2008).
2.7. Statistical analysis
All experimental data were subjected to one-way analysis of
variance (ANOVA) to determine if signiﬁcant differences occurred
among different treatments. The assumptions of normal distribu-
tions and homogeneity of variances were checked before analysis.
The frequency distribution of white muscle ﬁbers in different class
data were expressed in percentage, underwent an arcsin square
root transformation before statistical analysis. All ANOVA were
tested at 5% level followed by Tukey’s test in IBM SPSS Statistics
software version 22.
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Fig. 3. Entire open reading frame nucleotide sequences alignment of Malaysian mahseer MyoD gene with those reported for common carp (Kobiyama et al., 1998), grass
c ers w
g e iden
a
3
3
i
w
F
wrap  (Wang et al., 2007) and zebraﬁsh (Weinberg et al., 1996). The degenerated prim
rass  carp, common carp and zebraﬁsh. The ampliﬁed fragment was  828 bp long. Th
nd  other cyprinid species are marked by the dots.
. Results
.1. Effects on growth parameters
The growth performance of T. tambroides fed different exper-
mental feeds are presented in Table 2. The mean ﬁnal weight,
eight gain and SGR values were signiﬁcantly highest in treatment
F, followed by the treatment LA and LM;  while the lowest values
ere observed in treatment LD.ere designed from the conserved regions of closely related cyprinid species such as
tical sequences of MyoD gene from two clones (C7 and C13) of Malaysian mahseer
3.2. Muscle ﬁbers morphometry
The formation of new muscle ﬁbers (hyperplasia) is a charac-
teristics pattern of muscle growth throughout the life in teleosts.
The mosaic hyperplasia was observed after 50th day of the feeding
trial (Fig. 1). In order to determine the effects of feeding of T. tam-
broides larvae with formulated and live feeds on cellular growth of
muscle, we considered class 10 (≤10 m diameter class) as newly
formed ﬁbers (hyperplastic ﬁbers), class 20, 30 and 40 as interme-
diate growing ﬁbers, and class 50 and 60 as growing hypertrophic
ﬁbers (Rowlerson and Veggetti, 2001; Nebo et al., 2013). At day-
6 Md. Asaduzzaman et al. / Aquaculture Reports 5 (2017) 1–9
Table  2
Growth performance of T. tambroides larvae fed with different experimental feeds in indoor nursery rearing systems for 75 days1.
Parameters Experimental feeds2
LA LM LD FF3
Mean ﬁnal weight (g) 0.60 ± 0.01b 0.37 ± 0.01c 0.33 ± 0.02c 0.82 ± 0.02a
Weight gain (%) 569.2 ± 13.9b 307.7 ± 12.2c 267.2 ± 13.4c 807.2 ± 27.6a
Speciﬁc growth rate (% day−1) 2.53 ± 0.03b 1.87 ± 0.04c 1.73 ± 0.05c 2.93 ± 0.04a
1 Values are the mean ± SE of four replicates (n = 4). The mean values followed by the different superscript letter in each parameter indicates signiﬁcant difference at 0.05.
If  the effects were signiﬁcant, ANOVA was followed by Tukey test.
2 LA, treatment with artemia as live food; LM,  treament with moina as live food; LD, treatment with daphnia as live food; FF, treatment with formulated feed.
3 Composition of formulated feed: Danish ﬁsh meal (65%), squid meal (2%), shrimp meal (2%), wheat ﬂour (15%), cod liver oil (5%), soybean lecithin (3%), vitamin premix
(3%),  mineral premix (3%) and carboxyl methyl cellulose (2%).
Fig. 4. The entire open reading frame nucleotide sequences alignment of Malaysian mahseer myogenin gene with those reported for common carp (Kobiyama et al., 1998),
grass  crap (Lin et al., 2015) and zebraﬁsh (Chen et al., 2000). The degenerated primers were designed from the conserved regions of closely related cyprinid species such as
grass  carp, common carp and zebraﬁsh. The ampliﬁed fragment was 828 bp long. The identical sequences of MyoD gene from two clones (C7 and C13) of Malaysian mahseer
and  other cyprinid species are marked by the dots.
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Fig. 5. Relative expression of growth-related MyoD and myogenin genes of
Malaysian mahseer (T. tambroides) early juveniles fed formulated and live feeds.
ˇ-actin (Xing et al., 2013) expression was  considered as housekeeping gene. Values
are  means (±SE) (n = 4) of four replicates of each treatment. The mean values fol-
lowed by the different superscript letter in each sampling date indicate signiﬁcant
difference at 0.05. If the effects were signiﬁcant, ANOVA was followed by Tukey test.Md. Asaduzzaman et al. / A
5, all diameter class ﬁber frequency were similar among different
ietary treatment (data not shown). At day-50 and day-75, the
requency (%) of all diameter class ﬁbers, except class 10, was  sig-
iﬁcantly different among the different dietary treatments (Fig. 2).
ith the increase of culture period (from day-50 to day-75), the
requency (%) of growing intermediate (Class 40) and hypertrophic
bers (Class50 and 60) increased consistently with faster rate in FF,
ollowed by LA and the lowest was in LM and LD (Fig. 2). It is noted
hat class 60 growing hypertrophic ﬁbers was observed only in the
sh fed with FF at day-75 of the feeding trial. At day-50 and day-75
f the feeding trial, both of the class 40 and class 50 ﬁbers frequency
as signiﬁcantly highest in FF, intermediate in LA, and the low-
st in LM and LD, respectively. The muscle morphometric analysis
evealed that the differential growth in different dietary treatments
f T. tambroides was governed by varying degree of hypertrophy
ather than hyperplastic growth.
.3. cDNA cloning and mRNA expression of MyoD and myogenin
The PCR products obtained by using degenerate primers of MyoD
nd myogenin were cloned, and a total of 28 positive clones (14
lones for each gene) were sequenced. The ampliﬁed cDNA frag-
ents were 828 bp long for MyoD (Fig. 3) and 762 bp long for
yogenin (Fig. 4). The MyoD-  and myogenin-consensus nucleotide
equence was  subjected Blastn and showed very high similar-
ty with other cyprinids including grass carp, common carp and
ebraﬁsh (Figs. 3 and 4). The nucleotide sequences alignment using
LUSTAL W in BioEdit program of both MyoD and myogenin genes
howed the sign of existence of isoforms (Figs. 3 and 4). The relative
uantitative expressions of MyoD and myogenin genes were ana-
yzed at the end of the experiment (Fig. 5). RT-qPCR results showed
hat MyoD mRNA level was signiﬁcantly highest in FF and the low-
st in LD (Fig. 5). The relative myogenin mRNA expression was also
igniﬁcantly higher in treatment FF compared to the values in LA,
M and LD (Fig. 5).
. Discussion
Despite considerable progress in recent years, many questions
egarding ﬁsh larval nutrition remain largely unanswered, and sev-
ral research avenues remain open. A complete understanding
f nutritional requirement of larval ﬁsh is important for devel-
ping their diets for use in nursery rearing. There are two main
pproaches to feeding larvae in captivity: the ﬁrst utilizes live food
rganism while the second focuses on the development of artiﬁ-
ial formulated feed. The present study revealed that T. tambroides
arvae performed better with FF compared to any of the live feeds
ested in terms of growth performance, muscle morphometry, and
rowth-related gene expression. In general, all the live and for-
ulated feeds were well accepted by the larvae of T. tambroides
nd the growth performance of larvae were satisfactory for all
he dietary treatments. However, observed highest growth perfor-
ance in larvae fed with FF compared to any of the live feeds (LA,
D and LM) was might be due to the adequate nutritional quality
nd high ingestion rate of the supplied FF and highly developed
igestive system of T. tambroides larvae. Previous study reported
hat T. tambroides larvae able to ingest and possibly digest and
bsorb formulated diet from seven days after hatching (Ramezani-
ard and Kamarudin, 2012). Therefore, the data of the present study
onﬁrmed that T. tambroides larvae are able to assimilate the for-
ulated diets efﬁciently during early stages of their development,hus supporting the highest growth performances compared to live
eeds tested in this experiment. Similarly, larvae of several freshwa-
er ﬁsh species have been successfully reared entirely on artiﬁcial
ormulated diets; for example larvae of goldﬁsh (Carassius aura-LA, treatment with artimia as live food; LD, treatment with daphnia as live food; LM,
treament with moina as live food; FF, treatment with formulated feed.
tus) (Szlaminska et al., 1993) and pike perch (Sander lucioperca)
(Ostaszewska et al., 2005).
Muscle development in teleost are largely affected by the nutri-
tion and could result in different phenotypes regarding growth
pattern. Muscle morphometric analysis by histochemistry showed
that after 50th day of feeding trial muscle ﬁbers are in a mosaic
distribution patterns that was characterized by the presence of
the different diameters muscle ﬁbers in all the dietary treat-
ments. The presence of different ﬁber classes in the muscle
with mosaic appearance is an indication of the degree of new
ﬁber formation (Pai-Silva et al., 2003). The data of the present
study showed that different live and formulated feeds differen-
tially change the frequency distribution of white muscle ﬁbers
except the hyperplastic (diameter class 10) ﬁbers. The hypertrophic
ﬁbers (diameter > 50 m)  was  signiﬁcantly higher in FF indicat-
ing an intense muscle ﬁbers hypertrophy in this dietary treatment
(Rowlerson and Veggetti, 2001). Different live and formulated feeds
caused differences in growth and in the morphology of the muscle
ﬁbers of T. tambroides.  In experiments with larval African catﬁsh
(Akster et al., 1995), common carp (Alami-Durante et al., 1997),
Atlantic cod (Galloway et al., 1999), pike perch (Ostaszewska et al.,
2008) and pacu (Leitão et al., 2009), the diets which contributed the
best somatic growth rates also contributed the highest rates of mus-
cle ﬁber recruitment and hypertrophy. In addition to the different
8 quacu
c
ﬁ
r
w
h
g
t
i
i
s
(
t
i
A
s
T
t
t
g
i
a
c
s
m
b
n
o
(
(
u
d
p
b
c
p
h
e
F
l
o
p
(
t
s
c
m
(
f
h
i
a
ﬁ
e
f
d
(
e
m
ﬁ
(
A
h
t
(
T Md. Asaduzzaman et al. / A
ontributions of hypertrophic process in muscle ﬁbers growth, the
sh fed FF showed the increased SGR and percent weight gain. This
esult suggests that increased growth rate in FF dietary treatment
as mostly governed by muscle ﬁbers hypertrophy rather than
yperplasia in T. tambroides possibly by regulating the associated
rowth-related genetic factors, as demonstrated by the changes of
heir mRNA expression patterns. Similar results was also observed
n ﬂounder larvae and juveniles where increased growth rate
s mainly performed by hypertrophy until late-metamorphosing
tage, and followed by hyperplasia to post-metamorphic phage
Gwak and Tanaka, 2002).
Muscle growth mechanisms are regulated by the sequen-
ial expression of the myogenic regulatory factors family, which
ncludes MyoD, myogenin, Myf5 and MRF4 (Watabe, 2001;
saduzzaman et al., 2011). To date, MyoD and myogenin gene
equences of T. tambroides are not available in public database.
herefore, this study primarily focused on cDNA cloning of these
wo most important growth-related genes. We  successfully cloned
hese two genes from T. tambroides and observed that these two
enes are well conserved with other cyprinid ﬁshes. In fact, this
s the ﬁrst study to report the quantitative expression of MyoD
nd myogenin in relation to hyperplastic and hypertrophic mus-
le growth mechanism in T. tambroides. However, there are a
igniﬁcant studies reported the changes of mRNA expression of
yogenic regulatory factor genes that inﬂuenced muscle growth
y hyperplasia and hypertrophy in juvenile Nile tilapia Oreochromis
iloticus (Nebo et al., 2013), juvenile tambaqui Colossoma macrop-
mum (Alves-Costa et al., 2010), pacu Piaractus mesopotamicus
Almeida et al., 2008, 2010; Paula et al., 2014) and other ﬁsh species
Johansen and Overturf, 2006; Bower et al., 2009). Here, we  eval-
ated whether formulated and different live feeds could inﬂuence
ifferential expression of MyoD and myogenin that regulates hyper-
lastic and hypertrophic muscle growth in T. tambroides, analyzed
y measuring white muscle ﬁbers diameters. During skeletal mus-
le growth, MyoD regulate muscle precursor cells proliferation to
rovide nuclei for the formation of new hyperplastic ﬁbers and
ypertrophy (Watabe, 2001; Kuang and Rudnicki, 2008; McCarthy
t al., 2011) Therefore, the signiﬁcant high expression of MyoD in
F dietary treatment should indicates a higher satellite cell pro-
iferation rate which ultimately would lead to high recruitment
f new ﬁbers. Although a relatively higher percentages of hyper-
lastic ﬁber (class 10 ﬁbers) was observed in FF dietary treatment
6.61%), the effects were not statistically signiﬁcant with others
reatments. This might be due to the consideration of relatively
mall numbers of ﬁbers (around 400 from each ﬁsh) during mus-
le morphometric analysis, or the phenotypic reﬂection of high
uscle ﬁbers recruitment still not commenced at the same rate
lag behind) of MyoD expression upregulated. After 75 days of the
eeding trial, myogenin mRNA expression was the signiﬁcantly
ighest in dietary treatment FF and the lowest in LM and LD. Dur-
ng muscle growth, myogenin regulates the terminal differentiation
nd fusion of myoblast to form myotubes that mature into new
bers (Koumans and Akster, 1995). Therefore, high myogenin mRNA
xpression in FF treatment may  promotes a high satellite cells dif-
erentiation, thus contributing to hypertrophic muscle growth, as
emonstrated by distribution of the muscle ﬁber diameter classes
Levesque et al., 2007; Sandri, 2008). In all treatments ﬁsh, MyoD
xpression was always higher than myogenin.  In teleosts and mam-
als, MyoD mRNA was found to be accumulated in fast muscle
bers whereas, myogenin tend to accumulate in slow muscle ﬁbers
Rescan et al., 1995; Hughes et al., 1999; Alves-Costa et al., 2010).
s we used fast muscle sample in real-time qPCR, our ﬁndings of
igher MyoD expression than myogenin in T. tambroides was consis-
ent with the other reports in rainbow trout Onchorhynchus mykiss
Johansen and Overturf, 2005) and pacu (Almeida et al., 2010).
he different mRNA levels of MyoD and myogenin,  and differentiallture Reports 5 (2017) 1–9
expression of a single gene in different dietary treatments could be
related to the relative contributions of hyperplasia and hypertrophy
during skeletal muscle growth.
In conclusion, Formulated feed enhanced the growth perfor-
mances of T. tambroides larvae by (1) promoting the hypertrophic
muscle growth rather than hyperplasia as conﬁrmed by muscle
morphometric analysis, and (2) up-regulating the mRNA expres-
sion of growth-related MyoD and myogenin genes that promote
muscle growth in the T. tambroides larvae. In summary, nursery
rearing of T. tambroides larvae with formulated feed is better than
feeding live feeds.
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